A BSTRACT Nystatin and amphotericin B induce a cation-selective conductance when added to one side of a lipid bilayer membrane and an anion-selective conductance when added to both sides. The concentrations of antibiotic required for the one-sided action are comparable to those employed on plasma membranes and are considerably larger than those required for the two-sided action. We propose that the two-sided effect results from the formation of aqueous pores formed by the hydrogen bonding in the middle of the bilayer of two "half pores," whereas the one-sided effect results from the half pores alone. We discuss, in terms of the flexibility of bilayer structure and its thickness, how it is possible to have conducting half pores and "complete pores" in the same membrane. The role of sterol (cholesterol and ergosterol) in pore formation is also examined.
INTRODUCTION
The polyene antibiotics nystatin and amphotericin B are known to increase the ion and nonelectrolyte permeability of sterol-containing biological and artificial membranes (for a review, see Kinsky, 1970) . They have been shown to create aqueous pores of about 4-/~ radius in thin lipid membranes (Holz and Finkelstein, 1970) , and a molecular model for the structure of such pores has been proposed (Finkelstein and Holz, 1973) . Furthermore, the data obtained on biological membranes such as those of red blood cells (Cass and Dalmark, 1973) and Acholeplasma laidlawii (de Kruijff et al., 1974) suggest that they also act there by creating pores of about the same size. Thus, nystatintreated human erythrocytes are slightly permeable to glucose and impermeable to sucrose (Cass and Dalmark, 1973) , and nystatin-treated Acholeplasma laidlawii show a decreasing permeability to molecules of increasing size from urea to ribose, with glucose being impermeant (de Kruijff et al., 1974) .
There are three apparent differences, however, between what is known about the action of nystatin and amphotericin B on lipid bilayer membranes and their reported action on biological membranes: (a) The antibiotics generally have to be added to both sides of a bilayer membrane to be effective (Cass et al., 1970) , whereas they act from one side on biological membranes. (b) Nystatin induces an anion-selective conductance in bilayer membranes (Cass et al., 1970) , whereas it induces a cation-selective conductance in erythrocyte membranes (Cass and Dalmark, 1973) . (c) The nystatin concentrations necessary for the two-sided action on bilayer membranes are much lower than those concentrations effective biologically (see Cass and Dalmark, 1973 on red blood cells and de Kruijff et al., 1974 on Acholeplasma) . This paper shows that there is no contradiction between these two sets of data. We find that on bilayers formed from two monolayers (Montal and Mueller, 1972) , nystatin and amphotericin B produce a cation-selective conductance when added to one side and an anion-selective conductance when added to both sides.1 We propose that the former results from an aggregate of polyene molecules that spans the membrane to form a cylindrical "half pore," whereas the latter results from the association of two of these half pores and corresponds to the model proposed by Finkelstein and Holz (1973) .
MATERIALS AND METHODS
Membranes were formed following the method described by Montal and Mueller (1972) . Two Teflon chambers were mechanically clamped together and separated by a "Saran wrap" partition (~-~12 vm thick) containing a circular hole (0.1-0.2 mm in diameter). The level of the solution in each half chamber was controlled with a syringe. The surface area of each chamber was either S1 or 7 cm 2. The aqueous subphase was usually 0.01 M KC1, although experiments were performed with KC1 concentrations up to 1 M. An excess of a 0.1-1% solution of lipid in hexane or petroleum ether was spread on the surface of the subphase in each chamber, the solvent was allowed to evaporate, and the membrane was then formed by raising the levels of the solutions on both sides of the partition. Routinely, after the membrane was formed, the KC1 concentration in one chamber was increased to about 0.04 M. This enabled us to continuously monitor ion selectivity (via the membrane potential at zero current). Membrane formation was followed electrically by observing the increase in the capacitance between the two recording electrodes. Before use, the partitions were coated with Vaseline by dipping them into a suspension of Vaseline in petroleum ether.
The electrical measurements were made through a pair of calomel electrodes connected to an apparatus similar to that used by Montal and Mueller (1972) , which could be switched from the voltage-clamp to current-clamp mode. Most experiments were done with nystatin, although we have reasons to believe that amphotericin B behaves in a very similar way, as will be discussed later. Nystatin (Squibb Mycostatin) 1 As will be discussed later, we might have been able to obtain on bilayers formed by the more classical brush technique results similar to those presented here for bilayers formed directly from two monolayers. Because of the uncertainties associated with the presence of hydrocarbon solvent (e.g. decane) or tocopherol in the former preparation, we felt that results obtained on membranes lacking these components would be less ambiguous. was added to one or both aqueous phases, after the membrane was formed, from stock methanol solutions (0.1--4 mg/ml); the solutions in each chamber were stirred with magnetic fleas. Amphotericin B, also added from methanol solutions, was a gift from Miss Barbara Stearns of the Squibb Institute for Medical Research, Princeton, N. J. (Methanol alone added to a concentration of 2 %, the maximum ever achieved in our experiments, was Without effect on membrane conductace.)
We used a variety of lipids to form membranes: brain lipids (deproteinized chloroform:methanol extracts of ox-brain white matter [Mueller et al., 1963] ), red cell lipids (deproteinized butanol extracts of human red cell ghosts [Maddy, 1966] ), egg lecithin (Sylvana Chemical Company, Orange, N. J.), and glyceryldioleate (Pfaltz & Bauer, Inc., Stamford, Conn.) . In some preparations of brain lipids and red cell lipids, cholesterol was removed by either silicic acid chromatography or acetone extraction. Removal was confirmed by thin layer chromatography. Cholesterol or ergosterol was added back to these preparations to achieve a molar ratio of sterol to phospholipid of about 1:1. Cholesterol (Eastman Kodak Co., Rochester, N. V.) was recrystallized twice from ethanol; ergosterol (Matheson Coleman and Bell, East Rutherford, N. J.) was used either directly as obtained from the manufacturer or recrystallized once from ethanol. Hexane and petroleum ether were used as supplied by Fisher Scientific Co., Pittsburgh, Pa.
RESULTS
Addition of nystatin to one side of the membrane to a concentration of 5-100 #g/ml induces a cation-selective conductance. The membrane potential is approximately 50 mV for a 10:1 activity ratio of KC1. ~ A very disturbing observation was the great variability among membranes with respect to the concentration of polyene necessary to induce a given steady-state conductance. (Occasionally, the conductance rose to a peak after the addition of nystatin and then decayed to a smaller stable value. This appeared to be due to a transient increase of nystatin concentration near the membrane: if a parafilm barrier was placed vertically near the Saran wrap partition to prevent access of nystatin to the membrane until a homogeneous concentration was reached in the solution, and then this barrier was removed, no transient effect was observed.) We have the feeling that if the conditions for the mixing-in of nystatin were kept constant, more reproducible data would be obtained, although why this should be so is unclear. As an extreme example of the scatter of the conductance versus concentration data, one membrane formed with red blood cell lipids gave a conductance of 8 X 10-Tf~-l/cm ~ for a concentration of nystatin of 40 #g/ml, whereas another membrane gave a conductance of 10-4f~-l/cm 2 for a concentration of 20 #g/ml. For comparison, the data obtained on intact red blood cells give a conductance of about 2 X 10-~-l/cm ~ THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 6 5 • I975
for a concentration of 20 #g/ml (Cass and Dalmark, 1973) . This happens to correspond roughly to the average of the conductances obtained with this concentration in our system (Fig. 1 ). When nystatin is added symmetrically, a reproducible anion-selective conductance is induced which agrees in magnitude with the data obtained pre- 10-; 0.1 1 10 100 NYSTATIN CONCENTRATION (,u.g/mi} FIGURE 1. Small signal membrane conductance as a function of nystatin concentration" All membranes were formed from human red blood cell lipids and separated a 0.01 M KCI solution from one that was approximately 0.04 M KCI. Points connected by lines represent data from the same membrane. All points refer to experiments in which nystatin was added to one side except for the solid dots (e), in which nystatin was added symmetrically to both sides. The dashed line is the cation conductance induced by nystatin in human red cells. It is calculated from the cation-exchange data in Fig. 1 of Cass and Dalmark (1973) , assuming that the Nernst-PIanck flux equations are obeyed. viously on bilayers formed by the brush technique (Cass et al., 1970) . One may ask why the one-sided cationic effect is not observed upon symmetrical addition. It appears that the concentration range necessary to produce the one-sided effect is much higher than that required for the two-sided effect (Fig. 1) , so that an amount which gives a large anionic conductance when applied symmetrically would give a trivial cationic effect when applied to one side. Thus a conductance of 10-sf~-l/cm ~ is obtained with concentrations of about 0.4 #g/ml on two sides and concentrations of about 10 #g/ml on one side.
It seems possible, therefore, that the anion-and cation-selective conductances created by nystatin act independently of each other, and that for a symmetrical addition of polyene, the cationic conductance (go) does exist but is shunted by the much higher anionic conductance (g,). (Indeed, in a few cases, a low symmetrical concentration of nystatin induced first a cationic and then an anionic conductance, presumably because of a transient one-sided effect. Further symmetrical addition of nystatin gave only a stable anionic conductance.) As a test for the independence of go and g,, we performed experiments in which a large concentration of nystatin was first added to one side to induce a cationic EMF(E0) at a stable conductance (g,), and then a much smaller concentration was added to the opposite side. The total resistance (R) and the membrane potential (V) (at zero current) were recorded as the anionic conductance developed with time. If g~ and go are independent, then from the equivalent circuit in Fig. 2 :
Eo is the anionic EMF and is equal to the membrane potential at the end of the experiment, when go is negligible compared to g,. If go remains constant as go develops, Eq. 2 predicts a linear relationship between the membrane potential, V, and the total membrane resistance, R; this is seen experimentally in Fig. 2 . We have investigated qualitatively the effect of sterols on our preparation. It is generally believed that the presence of sterol in the membrane is a prerequisite for the action of the polyene antibiotics. We have observed, however, one-sided cationic and two-sided anionic effects on plain lecithin membranes and on deeholesterolized brain lipids membranes. From the few experiments we performed with these lipids, it appeared that cholesterol did not potentiate the one-sided action of nystatin; ergosterol, however, did greatly potentiate the one-sided acton of nystatin on decholesterolized brain lipids. On the other hand, cholesterol (and ergosterol) greatly enhanced the two-sided action of nystatin on decholesterolized brain lipids membranes. The concentrations of nystatin required for the two-sided effect on decholesterolized brain lipids were about a factor of 10 larger than those required on cholesterol-containing brain lipids (molar ratio 1 : 1).
With amphoteriein B, an anion-selective conductance of 3 × 10-6fl-~/em ~ FIGURE 2. The conversion of the selectivity of a nystatin-treated membrane from cationic to anionic. The membrane was formed from an equimolar mixture of decholesterolized ox-brain lipids and ergosterol, and separated 0.01 M KC1 solutions. The membrane resistance was greater than 10 xl fl (diameter of hole in partition = 0.15 ram). Nystatin was then added to one side to a concentration of 8 #g/ml. Within a minute the resistance fell to 6 X 108 ft. KC1 was then added to the same side to a concentration of 0.05 M and a potential difference of -34 mV (0.05 M solution negative) appeared across the membrane. After 16 rain the membrane resistance stabilized at 3 × 108 [~ (5.4 × 104 fl cm ~) and the potential difference was still -34 InV. This is taken as t = 0 in the figure. At this time nystatin was added to the opposite side to a concentration of 1.0 #g/ml. Over the next 7 rain the membrane resistance continuously decreased to 1.2 × 108 t, and the membrane potential simultaneously rose to + I0 inV. The nystatin concentration was then increased to 2.0 Fg/ml. Over the next 20 rain the membrane resistance fell to 2.8 × l0 T fl and the potential rose to +26 inV. Nystatin concentration was increased again to 4 #g/rnl. The membrane resistance continued to fall to 3 × 106 ~ and the membrane lOG_ tential asymptoted at + 35 inV. (Similar results are obtained with membranes containing cholesterol instead of ergosterol. The asymmetry in concentrations of nystatin from one and two sides are much more pronounced in cholesterol-containing membranes than in ergosterol-containing membranes. In one experiment, for example, on a membrane formed from red cell lipids, a concentration of nystatin of 42.6 #g/mi on one side produced a resistance of 2 × 10 T fl [cation selective] . Subsequent addition of nystatin to the opposite side to a concentration of only 0.33 #g/ml produced a rapid fall in resistance to 2 × 106 fl [anion selective].) was obtained with symmetrical concentrations of the order of 0.02 #g/ml on glyceryldioleate-cholesterol (molar ratio 1 : 1) membranes, and a corresponding cation-selective conductance with a one-sided concentration of about 12 #g/rnl; the concentration gap between the one-sided and two-sided effect may be greater than for nystatin, but we did not investigate this point. Since the data obtained with symmetrical additions of amphotericin B on these membranes are comparable to the data obtained on membranes formed by the brush technique, we feel confident that amphotericin B acts similarly to nystatin on bilayers formed from two monolayers, just as it does on bilayers formed by the brush technique (Cass et al., 1970; Holz and Finkelstein, 1970) .
DISCUSSION
The results presented in this paper demonstrate that there are no major discrepancies between the action of nystatin (and amphotericin B) on lipid bilayers and its action on biological membranes. Thus, at comparable concentrations, nystatin added to one side of either bilayers or plasma membranes produces cation-selective permeability. 8 The apparent differences noted in the introduction between the action of nystatin on lipid bilayers and its action on biological membranes arose from the comparison of the two-sided action on bilayers to the one-sided action on plasma membranes. We now see, however, that these differences between the two-sided and one-sided effects of nystatin occur on lipid bilayers themselves. 4 Thus, the question is how can nystatin induce cation selectivity when added to one side of a membrane and anion selectivity when added to both sides of the same membrane?
Since much larger concentrations are required for the one-sided effect than for the two-sided effect, it is possible that the former is produced by a minor contaminant. There are at least four points that argue against this: First, since the same range of concentrations is effective on both bilayers and plasma membranes, one would have to assume that all of the biological action reported for nystatin and amphotericin B is attributable to a contaminant. Second, the ergosterol dependence of the one-sided effect is consistent with this effect being polyene produced rather than being the result of a contaminant, s Third, as we pointed out in the introduction, the radius of the pores produced by the one-sided action of nystatin on plasma membranes is very similar, ff not identical, to the radius of pores produced by its two-sided action (at much lower concentrations) on bilayers. 6 It would be most for-3 In previous investigations of bilayers formed by the brush technique with either d, 1-~-tocopherol, or decane in the membrane-forming mixture, we rarely went to the high concentrations of nystatin (> I0/~g/ml) used in the present experiments to elicit the one-aided effect. We therefore cannot compare the one-aided nystatin sensitivity of those membranes with the ones used in the present experiments. It is interesting, however, that in those cases where one-sided nystatin-induced conductance was observed with membranes formed by the brush technique, it was usually cation selective. 4 If the ideas presented in this section are correct, similar differences should be demonstrable between the two-sided and one-sided action of nystatin and amphotericin B on plasma membranes. 5 Our failure to see cholesterol dependence might suggest that a contaminant is responsible for the one-sided action of nystatin. However, given the spread of our data and the few experiments we performed, we cannot rule out that cholesterol enhances the one-aided action of nystatin in our system just as it does on liposomes and biological membranes. 6 Because of the technical difficulties involved, we have not performed nonelectrolyte gieving experiments on bilayer membranes treated with nystatin from one side. We can assume, however, on the basis of the other similarities, that nystatin acting from one side on bilayers forms pores of the same radius as those formed from one side on plasma membranes. tuitous (or perverse) if a contaminant created such similar-sized pores. Finally, it. is unlikely that both nystatin and amphotericin B, which are produced by different microorganisms, contain the same (or similar) contaminant responsible for the one-sided induced conductance. We believe that there is another, and much more interesting, explanation for the simultaneous existence of one-sided and two-sided action of nystatin. Finkelstein and Holz (1973) have proposed a model based on the three-dimensional structure of amphotericin B ~ in which two half pores (lined by OH groups to give them a polar interior) combine to build up a conducting unit (Figs. 3 and 4 A) . This model implies that some polyene molecules are oriented perpendicular to the membrane and aggregate to form half pores. The two half pores are held together in the middle of the bilayer through hydrogen bonds between the hydroxyl groups located at the end of each polyene molecule. The other end of each molecule has the very polar amino sugar and carboxyl groups which are anchored in the aqueous phase. Since the hydroxyl group is itself polar, it is conceivable that it could be directly in contact with the aqueous solution on the opposite side, a half pore spanning now the entire membrane (Fig. 4 B) . We think that such half pores are responsible for the one-sided effect. Indeed, the long dimension of an amphotericin B molecule (28/~, of which 22/k is the lactone ring) is comparable to the thickness of the hydrocarbon core of lipid bilayers (Lecuyer and Dervichian, 1969; Small, 1967) . (This thickness is about half the length of two completely extended phospholipid molecules.)
One might object that the thickness of the hydrocarbon region cannot at the same time be equal to one and two lengths of a nystatin or amphotericin B molecule. We think, however, that this thickness can vary, the lipid molecules being stretched in the vicinity of a complete pore and compressed in the vicinity of a half pore (compare Fig. 4 A and B) . Alternatively, a half pore may span only half of the hydrocarbon region, but the opposite half of the bilayer is sufficiently disrupted so that it no longer acts as a significant permeability barrier (Fig. 4 C) . (De Kruijff and Demel [1974] have tried to reconcile the one-and two-sided actions of nystatin and amphotericin B by suggesting that in plasma membranes and liposomes half pores can form from both sides [and then come together to form a complete pore], even though the antibiotic has been added to one side. We think that this is unlikely for two reasons: First, since nystatin action is rapidly reversed when the antibiotic is removed from the medium [Cass and Dalmark, 1973] , it is difficult to see why half pores on the inner half of the plasma membrane would remain stable in the face of zero concentration of antibiotic within the cell. Second, since onesided nystatin action leads to cation selectivity whereas two-sided action leads z The three-dimensional structure of nystatin is very similar to that of amphotcricin B.
Fmum~ 3. Diagram of an amphotericin B-(or nystatin)-created half pore. The amphotericin B molecule can be viewed as havingtwo chains; the chain containingthe polyene chromophore is completely hydrophobic, whereas the chain containing the large number of---OH groups has a hydrophilic face and a hydrophobic face. In the diagram each amphotericin B molecule is schematized as a plane with a protuberance and a solid dot (e). The shaded portion of each plane represents the hydroxyl face of the amphipathic chain, the protuberance represents the amino sugar, and • represents the single hydroxyl group at the nonpolar end of the molecule. The aqueous phase to which amphotericin B was added is at the bottom of the figure, and the middle of the membrane (or the other aqueous phase) is at the top. We see that the interior of the pore is polar, whereas the exterior is completely nonpolar; there is also a wedge in the exterior of the pore between each pair of amphotericin B molecules that can accommodate a sterol molecule. Note that the ring of hydroxyl groups can hydrogen bond in the midle of the membrane with an identical structure from the other side to form a complete pore. Alternatively, the ring of hydroxyls might contact the opposite aqueous phase (as suggested in Fig. 4 B) and thus the half pore would completely span the membrane. (From Finkelstein and Holz, 1973) ~ to anion selectivity, clearly the one-sided and two-sided channels are not identical, in contrast to the suggestion of de Kruijff and Demel.)
The simplest interpretation of experiments such as the one described in Fig. 2 , where nystatin is added first to one side and then to the opposite side, is that molecules of nystatin bind to half pores and convert them into complete pores. However, Fig. 2 shows that the cationic conductance does not change significantly during the appearance of the anionic conductance. pores, but then the unit conductance of half pores would have to be much smaller than that of complete pores. A second possibility, and one which we tend to favor, is that there is a large reservoir of nonconducting half pores (e.g. Fig. 4 D) , an insignificant proportion of which is converted into complete pores in the experiment of Fig. 2 . An alternative way of describing the phenomenon is to say that half pores have a much shorter life time than complete pores. Both the large concentrations of antibiotic necessary to produce onesided action and the presumed length of the half pore suggest that these structures should be much less stable than the complete pore. (See p. 116 of Cass et al., 1970 for experimental support of this statement.) In fact it is possible to imagine various multimeric structures penetrating from one side that finally can become stabilized by linking up with similar structures from the opposite side. The marginal stability of these half pores, the suggested changes in thickness of the bilayer in the region of the pore, and the inherent detergent properties of large concentrations of nystatin may be responsible for the variability in concentration of antibiotic necessary to produce a given conductance by one-sided action. If our proposed model is correct, we might expect that the effectiveness of nystatin from one and two sides is a sensitive function of membrane thickness. This could be tested on a series of membranes formed from a single phospholipid (and cholesterol) whose chain length is systematically increased from C14 to C2~. The molecular basis for the ion selectivity remains open. To explain the anion selectivity of the complete pore, Finkelstein and Holz (1973) suggested that the OH dipoles within the pore were so aligned as to impart a positive electrostatic potential to the interior of the pore with respect to the bulk aqueous media. Assuming that this is correct, then one hypothesis to explain the cation selectivity of the half pore is that the OH dipoles in the ring at one end of the pore are so aligned as to impart a negative electrostatic potential to the entrance of the pore, thus favoring the entry of cations into the channel. One thus has two ion-selective barriers in series, with the cation barrier (at the entrance) predominating over the anion barrier (within the pore), s In complete pores, the cation-selective barrier would be removed by the hydrogen bonding of those hydroxyls. Alternatively, the cation-selective barrier may be due to the orientation of the polar groups of the lipids in the disrupted half of the bilayer, if the model for the half pore in Fig. 4 C is appropriate. There is also the possibility that we do not have a (expletive deleted) due about the ion-selectivity mechanism.
Finally, the finding that sterols are not absolutely required for the action of nystatin and amphotericin B is also consistent with the model of the structure of the pore. The only role that this model assumes for sterol molecules is to pack the polyene molecules together, and lipid molecules can certainly replace them to some extent in this function. 
